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Abstract— A broadband continuously tunable SESAM all-fiber 
laser based on optical parametric generation (OPG) for Coherent 
anti-Stokes Raman Scattering (CARS) imaging applications is 
presented in this article. This laser structure is built on all-
polarization maintaining fibers yielding high environmental 
stability. The OPG is based on PM photonic crystal fiber as 
parametric gain pumped by a wavelength-tunable (1025 nm to 
1055 nm) and repetition rate-tunable (3 MHz to 500 KHz) Yb-
doped pulsed fiber laser. The all-fiber structure features free 
polarization adjustment in slow-axis tunable operation with a 
wavelength range from 770 to 940 nm for signal radiation and 
1225 to 1510 nm for idler radiation. The pump and signal pulses 
(CARS-Stokes and CARS-pump respectively) are intrinsically 
overlapped, both spatially and temporarily, due to the four-wave 
mixing (FWM) generation and emitted from a single fiber end. 
The CARS-Stokes and CARS-pump pulse duration vary between 
25 to 32 ps and 21 to 24 ps respectively in the whole band, ensuring 
a good overlap of the generated signals, and both exhibit a 
Gaussian profile with high spatial beam quality. The frequency 
conversion allows to obtain a frequency difference between the 
generated signals from 1100 to 3300 𝒄𝒎−𝟏. The reported low-cost 
laser source is ideal for bio-imaging applications, especially in 
CARS imaging, due to its compactness, simplicity, robustness and 
ease of handling. A patent has been filed based on this technology. 
 
 
Index Terms—Optical fiber lasers, Mode locked lasers, Laser 




N the last decades, the development of coherent radiation 
sources allowing emission wavelengths which conventional 
lasers could not provide, has been widely investigated. This 
manner, wavelength-based light conversion techniques have 
been a popular method to achieve the generation of light in 
wavelength ranges where active materials do not provide the 
necessary gain. Light sources based on these techniques have 
attracted a lot of interest in sensing applications [1, 2] and 
biomedical imaging [3-5]. For this reason, lasers based on 
optical parametric interactions are well-suited to fulfill this 
purpose due to its capability of being continuously tunable over 
a broad range, high conversion efficiency and large frequency 
shifts [6, 7]. Optical parametric oscillators (OPOs) have been 
developed throughout years being the most commonly option 
utilized in these applications, but these type of laser structures 
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are very expensive, bulky and need costly adjustment and 
maintenance. Over the past few years, fiber lasers based on 
OPG have become a promising solution because of the all-fiber 
format which can provide similar wavelength tunability in 
alignment-free operation with high environmental stability [8, 
9]. Whereas OPOs are clearly not compatible with fiber 
integrated systems, fiber lasers based on OPG are designed to 
solve this problem being a cost-effective option with 
compactness and robustness [10, 11]. Furthermore, these 
oscillators have interesting advantages as: good beam quality, 
high power stability and the capability of reach hundreds of 
nanometers ensuring a tunable broadband range [7, 12-14]. The 
OPG is based on degenerate four-wave mixing (FWM) in a 
highly nonlinear fiber, namely photonic crystal fibers (PCF) 
[15, 16]. The non-linear parametric interaction is described by 
the third-order nonlinearity χ3 and owing to this nonlinearity, 
two new waves named signal and idler photons are generated 
from two pump photons during the optical frequency 
conversion process in the fiber [17]. The frequencies of the 
generated photons are determined by the phase-matching 
condition which depends on the peak power and wavelength of 
the seed laser used to pump the optical fiber used as parametric 
gain and the dispersion profile of this optical fiber [18].  
On another hand, passively SESAM-based mode-locked (ML) 
ytterbium fiber lasers are well known as reliable tools to achieve 
environmentally maintenance-free stable all-fiber pulsed lasers 
with compact size, wavelength-tunable capability, picosecond 
pulse duration and spectrally narrow[19-21]. In addition, mode-
locked YDF-based fiber lasers have focused on all-normal 
dispersion cavities to perform fiber integrated setups with no 
need of dispersion compensation [22, 23]. These requirements 
are essential for fundamental researches, such as optical 
microscopy [24], frequency metrology [25]… especially in bio-
photonics [26] and non-invasive label-free imaging techniques 
as: optical coherence tomography (OCT) [27], multiphoton 
microscopy (MPM) [28, 29] and coherent anti-Stokes Raman 
scattering (CARS) [30-32]. In particular, CARS microscopy 
has been demonstrated as a potent technique in biomedical 
applications providing high sensitivity and video-rate and 
image-rate speed using ultrashort laser sources [33]. This 
microscopy technique allows in-vivo imaging of living cells at 
real time, obtaining chemically selective contrast imaging 
without the use of any labels by probing the intrinsic vibrational 
resonance of molecular bonds. As it has been mentioned, CARS 
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is a FWM process and the generated pulsed signals require to 
be synchronized at different wavelengths. This is the critical 
point for CARS as it strongly depends on the fiber based 
generation of a synchronized pulse train at a second 
wavelength. Over the past few years, OPG by FWM in PCF has 
been demonstrated to be the best option to generate pump and 
stokes pulses passively synchronized for CARS [30, 34]. 
Moreover, the use of long-picosecond pulses with narrow 
bandwidths in an integrated all-fiber structure is ideal and can 
be applied directly to CARS microscopy [35]. Indeed, the 
narrow spectral widths allow a high spectral resolution with 
minimum parasitic distortion of the pulses due to dispersion, 
and the tens of ps pulses enable spatially and temporary 
overlapped components generated in the frequency conversion 
through FWM in PCF [3].  
In this paper, a new experimental implementation of a compact, 
low-cost, free-alignment broadband continuously tunable all-
fiber based on OPG for CARS imaging application has been 
reported. The all-fiber system comprises a spectrally filtered 
fiber master oscillator power amplifier (MOPA), which is 
tunable in wavelength-emission and repetition-rate, and a 
parametric frequency conversion stage based on FWM in PCF. 
The whole setup is built out of PM commercial fiber 
components making a cost-efficient laser structure with high 
environmental stability. The picosecond wavelength-tunable 
master oscillator (seed laser) is based on Ytterbium doped fiber 
(YDF) as the active gain medium, an in-fiber band-pass filter 
acting as the tunability device and placed on a fiber loop mirror 
(FLM) at one extreme of the cavity and a fiber-coupled SESAM 
as the saturable absorber mirror to perform the mode-locking. 
This seed laser delivers a pulse train in the range of 1020 nm to 
1060 nm with a spectral width of 80 pm, a repetition rate of 3 
MHz and a pulse duration between 26 and 32 ps depending on 
the pump level. The construction of the YDF amplifiers with 
PM single-mode fiber components allows for a compact fiber 
structure owing to the reduced average power requirements 
caused by the low repetition rate. Besides, the inclusion of a 
pulse picker as a repetition-rate selector of the fiber laser 
permits a variation in the range of 3 MHz to 500 KHz yielding 
a peak power of more than 5 kW in all the emission band. The 
OPG based on FWM in PCF delivers synchronized components 
(generated signal pulses used as CARS pump and the residual 
fundamental pump pulses serving as CARS Stokes) from a 
single fiber end for the whole working range of the FOPO with 
pulse durations between 21 to 24 ps and 26 to 32 ps 
respectively. The generated signal bandwidths work in the 
range of 10 to 35 𝑐𝑚−1 and the frequency shifts between this 
component and the residual fundamental pump laser pulses 
allow to access resonance from 1100 to 3300 𝑐𝑚−1. 
 
 
II. EXPERIMENTAL SETUP AND PRINCIPLE 
The schematic diagram of the proposed experimental setup is 
shown in Fig. 1. As is depicted in Fig.1 the all-fiber structure is 
based on a passively ML tunable seed laser, a two-stage YDF 
amplifier and a OPG based on FWM in PCF. In this 
experimental setup, the OPG stage is pumped by the amplified 
YDF seed laser. The seed laser is composed by an in-fiber 
bandpass filter (FWHM bandwidth of 100 pm and resolution of 
0.02 nm) placed on a FLM composed by a wavelength-sensitive 
circulator, a delay-line of 32 meters of PM fiber (Nufern 
980XP), a 90 cm-long YDF (Nufern PM-YSF-LO) as the active 
gain medium, an in-line broadband slow-axis polarizer and a 
SESAM (Batop GmbH) as the ML device with a modulation 
depth of 29%, a relaxation time of 9 ps and a saturation fluence 
of 100 µ𝐽/𝑐𝑚2. The seed laser output is achieved through a 
90:10 optical coupler using the 10% port. The YDF is pumped 
by a 976 nm laser diode (LD) of 750 mW via the 20% port of 
an 80:20 optical coupler through a wavelength division 
multiplexer (WDM). The pre and main-amplifiers are 
composed of 1.2 and 2.3 meters-long respectively of YDF with 
a 250 dB/m absorption (Nufern PM-YSF-HI). The pre-
amplifier is pumped by the 80% port of the optical coupler 
spliced to the LD used to pump the seed laser. The main 
amplifier is pumped by a 976 nm LD with an output power of 
750 mW. Both stages are isolated to protect the whole fiber 
structure and the seed laser from possible back reflections. A 
pulse picker (G&H FCAOM) is set after the pre-amplifier to 
select the repetition rate of the ML seed laser which has a 
wavelength range of 1020 to 1060 nm. The OPG stage is 
composed by a 1.3 meters-long PCF (NKT Photonics LMA-5-
PM) and a pigtailed collimator to focus the output beam of the 
fiber laser system. 
 
Fig.1 Schematic diagram of the experimental setup. 
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The MOPA system generates a spectrally filtered wavelength-
tunable  and repetition-rate tunable pulse train which is 
amplified by a two-stage amplifier reaching the necessary peak 
power to perform the optical parametric frequency conversion 
by degenerate FWM in PCF. The frequency difference between 
the signal generated in this process and the fundamental laser 
that pumps the OPG stage is determined by the pump emission 
wavelength and the PCF dispersion profile, which defines the 
phase-matching condition of the parametric generation. The 
frequency shift between these components can be changed by 
tuning the emission wavelength of the pump fiber laser that 
drives the FWM process covering the resonance from 1100 to 
3300 𝑐𝑚−1. As it has been explained, the synchronization of the 
pump pulses and the signal pulses is inherent to the FWM 
process, and both components are overlapped at the fiber output 
(spatially and temporary). In fact, these synchronized train of 
pulses are available to be used in a CARS microscope with no 
need of inserting delay lines or combining volume optics that 
would increment the complexity of the overall system. This 
compact and reliable fiber laser system is a low-cost solution 
and ease of handling, where the generated signals are emitted 
through a collimated fiber output for in-vivo imaging [36]. 
 
 
III. RESULTS AND DISCUSSION. 
In this experimental configuration, stable self-started ML pulse 
train with continuously tunable wavelength has been achieved 
in the seed laser. Fig.2 shows the spectral, temporal and radio 
frequency characterization of the seed laser emitting at 1042.5 
nm at a launched pump power of 78 mW (stable single-pulse 
operation). As is depicted in Fig. 2a) the pulses have a spectral 
width of 80 pm and an output power of ̴2 mW and Fig. 2b) 
shows a pulse duration of 30 ps, which corresponds to an energy 
pulse of 0.74 nJ. Fig. 2c) shows the temporary trace of the pulse 
train with a period of 330 ns between adjacent pulses  to a low 
repetition rate of ̴ 3 MHz, so the length of the cavity is 
calculated to be 34.5meters long, according to f=2c/n·L, where 
n=1.455. To evaluate the stability and quality of the ML pulse 
trains, the RF spectrum is shown in Fig. 2d). The high-order 
harmonics yield a signal-to-noise ratio over 55 dB and a narrow 
spectral width, ensuring high stable ML operation and pulses 
with low timing jitter.
 
Fig.2 a) Optical spectrum, b) auto-correlation trace, c) temporal trace and d) RF spectrum measured at the YDF tunable seed laser output emitting at 
1042.5 nm 
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Fig.3 a) Output spectra of the tunable oscillator and the output power at each wavelength (red colored) pumping the oscillator with 78 mW and b) Output 
spectra after the amplification of the tunable oscillator. 
 
Fig.4 a) Optical spectrum of the pre-amplified tunable fiber laser and b) optical spectrum in linear scale of the tunable fiber laser (after pre and main 
amplification) used to pump the PCF.
 
This simple oscillator configuration generates a pulse train with 
a spectral width and a pulse duration which vary depending on 
the pump level from 80 to 95 pm and from 26 to 32 ps 
respectively. The continuous tunability range of the seed laser 
needs no polarization control and covers the spectral band from 
1022 nm to 1062 nm as is illustrated in Fig.3a). The oscillator 
output is spliced to an isolator delivering the pulse train to the 
two-stage amplifier. The pre-amplifier stage is used to amplify 
the pulses resulting in ̴ 20 mW seed launched into the pulse 
picker (acoustic optic-modulator) to select the repetition rate 
from 3 MHz to 500 KHz. This device ensures reaching the 
necessary peak power to drive the FWM process in the same 
conditions for the whole emission range of the laser, 
compensating the wavelength dependent variations over the 
whole ytterbium gain spectrum. As it has been explained, 
through the selection of the appropriated repetition rate, the 
average power reduction in part of the wavelength-emission 
range due to the limitations of ytterbium gain bandwidth is 
compensated by the incremented peak power. The resulting pre-
amplified pulse train is launched into a main amplifier which 
allows to reach an average power of ̴ 400-450 mW. This pulses 
reach the several kW peak power range, ensuring the FWM 
process in the PCF easily. Fig. 3b) shows the output spectra of 
the seed laser after main amplification. As it can be seen the 
tunable range has been limited from 1062 to 1055 nm due to the 
gain bandwidth restrictions of the YDF amplifiers.  
In Fig.4, the spectral measurements for pre-amplified and main-
amplified pulses are depicted, showing a spectral width of 0.25 
nm and 0.8 nm respectively. This broadening effect is inherent 
to the YDF amplification process and it is caused by self-phase 
modulation (SPM) effect in the normal dispersion regime. This 
type of unwanted broadening directly affects to the bandwidth 
of the signals generated in the PCF by OPG and, therefore, to 
the generation of the CARS signal. This is because CARS 
generation depends on the convolution of the pump (seed laser) 
and the signal when these are irradiated on a biological sample 
and match the frequency shift of a molecular Raman resonance, 
so the spectral bandwidth of both mentioned signals are directly 
related to the resolution of the obtained CARS signal. 
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To drive the parametric process of FWM, the main amplifier is 
spliced to the PCF using an optimized method previous 
alignment of the PM fibers. The correct arc fusion splice of both 
fibers with relative similar core diameters allows to obtain a 
coupling efficiency over 70%, being a 73% coupling efficiency 
the best experimental value obtained. Fig 5a) shows the splice 
between YDF and PCF where the air holes of the PCF have 
been collapsed in a very small length. The commercial PCF 
LMA-5-PM of NKT Photonics utilized in this experimental 
setup presents its zero-dispersion wavelength at 1055 nm and it 
has been simulated using a numerical mode solver. Fig 5b) 
displays the calculated parametric generation of idler and signal 
wavelength respect to pump wavelength (blue colored) and the 
corresponding frequency shifts between signal and pump (red 
colored). In fact, the pump between 1025 nm and 1055 nm 
generates the signal wavelengths between 780 and 940 nm and 
allows to access resonances in the range of 1100 to 3300 𝑐𝑚−1. 
Fig.6a) shows an optical spectrum measurement of the 
generated signal and idler, and the residual pump after the 
FWM process in the PCF. The difference between signal and 
pump is about 3 dB ensuring a high frequency conversion 
efficiency. The measured signal power is in the range of 23 mW 
to 42 mW for different pump power launched into the PCF. The 
output spectra of the generated signal for different pump 
wavelengths is depicted in Fig.6b). The signal bandwidths are 
in the range of 10 to 35 𝑐𝑚−1 FWHM. 
 
In addition, the in-fiber band-pass filter placed into the FLM 
allows to control the wavelength tunability of the seed laser 
with a precision of 0.02 nm (controlling the shiftment through 
the band-pass filter knob). This precise control of the tunable 
range provides an accurate adjustment of the seed laser 
emission to perfectly match FMW signal generation which is 
crucial in order to obtain the corresponding frequency shift 
between signal and pump and, therefore, the required Raman 
resonances. Indeed, this adjustment allows to maximize the 
signal to noise ratio of the CARS microscopy images, providing 
the best contrast imaging as is depicted in Fig. 7.
 
 
Fig.5 a) Image of the splice fusion between the PCF and the Yb-doped fiber of the main amplification stage and b) FWM phase matching diagram of the 
signal and idler wavelength respect to pump (blue colored) and the desired frequency shift between signal and pump wavelength (red colored). 
 
 
Fig.6 a) Output spectra of the idler and signal generated at 1032 nm pump wavelength after the FWM non-linear process in PCF and b) output spectra of 
the signal generated by OPG for all the tunable range. 
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Fig. 7. CARS images showing lipid concentration measured in a human aorta with the fiber laser source reported on the manuscript. 
 
Fig. 7 shows the obtained CARS images measuring the lipid 
concentration in a human aorta sample. In this image, the CH-
stretching vibration on 2850  𝑐𝑚−1has been probed and the 
lipids are clearly visible. The difference between these images 
relies in the adjustment of the frequency shift between pump 
and signal generated in the FWM process (Stokes and pump 
respectively in CARS process) probing the maximum contrast 
(signal-to-noise ratio) with an accurate tunability of mentioned 
signals. As is depicted in Fig. 7, the laser source reported on 
this manuscript is suitable for CARS imaging application.  
 
 Finally, it could be considered to scale the repetition rate of the 
seed laser through an in-fiber acousto-optic modulator (AOM). 
This manner, the repetition rate could be reduced below 3 MHz, 
to increase the peak power of the pump signal and drive the 
FWM process with more efficiency, avoiding the need of 
increase the average power of the seed laser via amplification 
with its consequent spectral broadening caused by the SPM. 
Furthermore, the control of the peak power through the 
repetition rate could compensate the gain variations on the 
ytterbium region in the emission wavelengths range. This 
adjustment of the pump peak power in each emission 
wavelength would allow to reach the same conversion 
efficiency for the parametric process in the PCF. 
 
IV. CONCLUSIONS 
  In conclusion, we have demonstrated a broadband optical 
parametric generation seeded by a continuously tunable all-
fiber pulsed fiber laser in the near infrared for CARS imaging 
application with high spectral resolution and providing access 
to resonance between 1100 and 3300 𝑐𝑚−1. The complete 
experimental configuration is constructed of PM fibers by 
fusion splice yielding to alignment-free operation. The compact 
setup is enabled by a continuously tunable SESAM-based YDF 
ML seed laser with a wavelength range between 1022 to 1062 
nm, with a 3-dB bandwidth of  ̴80 pm, a pulse duration of  ̴30 
ps and a repetition rate of the pulse train of 3 MHz. After the 
two-stage amplifier, the pulses reach the range of several kW 
allowing the OPG based on FWM in a commercial PCF. The 
pump converted light via FWM generates signal and idler 
components in the range of 780 to 940 nm and 1225 to 1510 nm 
respectively. This compact, robust, reliable and low-cost 
structure is appealing for CARS microscopy and other life 
sciences applications, since it combines the pulse duration, 
tunability, pulse energy and spectral characteristics of a bulk 
OPO in an all-fiber integrated system. 
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